Background: This study compares the radiographic distribution of apical periodontitis (AP) in rootfilled and endodontically treated teeth among healthy controls and patients with systemic diseases; the incidence of AP was almost twice as high in the latter group. Objective: The question arises as to whether the biogenic amines (mercaptan/thioether/hydrogen sulfide) originating from endodontically treated teeth have systemic, subtoxic and immunological effects. Method: In order to determine this, local hydrogen sulfide measurements of endodontically treated teeth were combined with the laboratory serum analyses of modified proteins to assess the relationship of these compounds with type IV immune reactions. Results: It was found that 42.5% of the group with systemic diseases showed immunological disturbance as a result of root-filled teeth. Furthermore, the presence of AP was almost three times higher than in the control group (17.2% versus 5.9%, respectively). Conclusion: In summary, the data demonstrates that local pathologies caused by endodontically treated teeth may increase immunological and systemic dysfunction.
Background
Dentists have learned to treat inflamed and necrotic teeth with root fillings and various endodontic procedures have been developed for this purpose. Those in support of root canal therapy generally hold the view that such procedures are safe and successful, provided that the patient has no complaints concerning pain or problems with their bite. This view is further supported when radiographs show no sign of an inflammatory reaction. Those in favour of root canal treatment contend that with modern treatment methods any systemic immunological effects of root-filled teeth (RfT) can be avoided. However, inflammation only becomes apparent in X-ray images when associated with bone and tissue degradation. The available scientific evidence also indicates that diabetes is significantly associated with a higher prevalence of periapical radiolucencies in endodontically treated teeth [1] . Conversely, critics of root canals hold the view that they may contribute to immunologically based diseases and consider X-ray imaging to be insufficient to determine the possible systemic effects of toxins derived from root fillings. They contend that bacteria and other pathogens can survive in endodontically treated teeth and their metabolic products -mercaptan and thioethers -can produce immunological and subtoxic effects.
AP is a chronic inflammatory disorder of the periradicular tissues caused by bacterial invasion at the apex of the tooth root [2] . Evidence from epidemiologic studies suggests that the association between AP and various diseases is not new as shown in numerous publications [3] . For example, apical infections like AP are associated with increased rates of myocardial infarction, with acute coronary syndromes occurring 2.7 times more frequently in those patients with such infections [3] , as well as clinical depression, increased severity of depression and a reduced quality of life [4] . Increased translocation of gram-negative bacteria may also be associated with AP [5, 6] . AP causes not only local inflammatory tissue destruction but also systemic inflammatory responses which may ultimately predispose an individual to systemic disease, including cardiovascular disorders [7] [8] [9] . A study on a total of 248 patients after acute myocardial infarction and 249 healthy controls underline that patients, who have experienced a myocardial infarction, had more missing teeth and a higher number of inflammatory processes, especially of endodontic origin, than healthy patients [10] . Subjects presenting lesions of endodontic origin or pulpal inflammation had an increased risk of developing coronary heart disease. Chronic oral diseases may be an unconventional risk factor for coronary heart disease [11] . The value for the total amount of bacterial DNA in in the coronary plaque was 16 times higher than that found in their blood samples. Bacterial DNA typical for endodontic infection, mainly oral viridans streptococci, was measured in 78.2% of thrombi, and periodontal pathogens were measured in 34.7%. Dental infection and oral bacteria, especially viridans streptococci, may be associated with the development of acute coronary thrombosis [12] . There is also a significant association between periodontitis and depression [13] . However, there is no data as to whether sulfur hydrogen levels in the root canals of patients with AP may be associated with systemic and immunological diseases. The study presented herein is one of the first to statistically link a patient group with multiple systemic and immunological diseases with endotoxin levels originating from AP. This study showed that there were significantly increased root canal endotoxin levels in patients with AP in comparison with healthy controls (HCs) without periodontitis. The link between AP and increased root canal endotoxin levels may explain previous findings that inflammation in periodontal disease is mediated by macrophage proinflammatory cytokines [14, 15] . Increased endotoxin levels activate the toll-like receptor TLR 2/4, thereby increasing inflammatory responses leading to macrophage activation [16] .
Study Objective
The aim of the present study was to determine the extent to which X-ray imaging may be used to identify conspicuous and inflammatory reactions in the case of AP in a group of 98 patients with chronic systemic immunological disorders. The results were compared with a second patient group recruited from a university research subject pool; these individuals showed no evidence of any comparable systemic diseases [3] .
Materials And Methods

Patient cohort with systemic diseases
This study is a retrospective case-control study that obtained approval waiver by the accredited IMD-Berlin Forensic Institute (DIN EN 15189/DIN EN 17025). All patients provided their written informed consent. The following factors were identified for each patient: age, sex and number of remaining teeth, (excluding the third molars). The sample population in our retrospective cross-sectional study consisted of 98 adult patients (m=45; f=53; average age (years): 54; range (years): 27-75) with a total of 1,783 teeth. On average, each patient in our sample had 18.2 teeth.
All patients underwent medically necessary radiographic examinations of their teeth. The inclusion criterion was the presence of a systemic disease (SyD). Those patients with such a disease were subject to an investigation for AP associated inflammation using threedimensional (3D) digital volume tomography (DVT) respectively cone beam computed tomography (CBCT). All patients were referred to our practice by treating specialists. The patient group with SyD comprised the following: seven patients with various tumor-related diseases, (two with prostate cancer, two with colorectal cancer and three with breast cancer); 32 patients with chronic fatigue syndrome and systemic immunological exhaustion; 19 patients with rheumatoid complaints; nine patients with degenerative neurological diseases, (four with multiple sclerosis, three with amyotrophic lateral sclerosis and two with Parkinson's disease); 18 patients with atypical facial pain and trigeminal neuralgia; and 12 patients with various intestinal symptoms which may indicate systemic disorders or diseases as yet undiagnosed. The predominant exclusion criteria was bleeding at the gingival margin and/or inflammation of the periodontal socket for two reasons: (i) paper pins used to test for Thio/Merc outgas would be colored red and thus falsify the toxin measurement of the volatile sulfur hydrogen compounds indicator (vSHCI); and (ii) any remaining anaerobic bacteria in the socket may also produce vSHC and thereby falsify the measurement of outgas from root canals.
Investigations with CBTC/DVT
For each tooth the presence of AP and the quality of each root filling were assessed using 3D-DVT/CBCT. This medical imaging technique was selected, rather than two-dimensional orthopantomography (2D-OPG), since a large number of scientific publications examining the problems associated with X-ray diagnostics show that periapical radiographs -the most commonly used method are unsuitable for assessing the success of endodontic treatment. The latter imaging technique is only two dimensional and thus may not provide the necessary information on the orthogonal planes [17] . There are several well-known limitations of 2D-OPG which have been scientifically proven: apical changes cannot be reliably assessed with 2D-OPG and 34% of Aps are not identified [18] . Furthermore, endodontists were found to fail to see at least one root canal in 40% of molar teeth. Thus, one-third to one-half of all 2D-OPG scans are insufficient for dental diagnostics [19] . In dental practice the structure of the jawbone is generally assessed using 2D-OPG, particularly in instances of cortical bone damage. However, as previously shown, there are considerable limitations in the assessment of cancellous bone which must be considered [19] [20] [21] . Despite the recent advances in digital X-ray technology and improved imaging modalities, the limitations of imaging cancellous bone persist [22] . Figure 1 demonstrates the critical importance of using both 2D-OPG and 3D-DVT/CBCT to investigate endodontically treated teeth and make a complete diagnosis. Although AP is clearly visible at the mesiobucal root using 3D-DVT/CBCT, the 2D-OPG image is inconspicuous. Following removal of the crown, the dentine was clearly markedly colored by biogenic amines (right panel) which diffuse into the periodontal socket of the tooth and can be made visible using a volatile hydrogen sulfide indicator. 
DVT Investigation for systemic diseases
Each patient in our study was X-rayed between February 1, 2016 and June 30, 2016 using 2D-OPG and 3D-DVT/ CBCT; only the CBCT scans were used in this evaluation. CBCT scans were recorded using the KODAK 9000 Extraoral Imaging System X-ray machine (KODAK, Rochester, NY, USA). Scans were evaluated in a darkened room using the KODAK Dental Imaging Software 6.12.11.0® on a 30-inch monitor with a resolution of 2560 x 1600 pixels (Dell 3008WFP; Dell Inc., Round Rock, TX, USA). Our evaluation criteria were based on those used in a comparative study on root fillings [3] . For AP, radiolucency was defined for the apical part of the root; the apical part was more than twice the width of the lateral part of the periodontal ligament De Moore et al. [3] . The patients were not screened for pre-existing periapical pathology before the roots were treated. In the case of multi-root teeth, the root was classified according to the root with the most severe AP. Endodontically treated or root-filled teeth (RfT) were presumed to contain a radiopaque material in the root canals. An root filling was considered to be adequate when it was contained within the tooth, it was not more than 2 mm from the radiographic root tip and no visible cavities were present. A root filling that was more than 2 mm from the radiographic tip containing cavities or where the apical foramen was overfilled was considered inadequate. In the case of multiple-root teeth, the root was categorized according to the most insufficient root filling (Loftus et 
Semiquantitative determination of volatile hydrogen sulfides in tooth sockets
The problem associated with the biogenic degradation of necrotized pulp has been extensively investigated and discussed in dentistry. Biogenic amines -like mercaptan, thioether, hydrogen sulfide, all of which are volatile hydrogen compounds (vHC) -have chronic subtoxic effects and their effects upon the immune system may be evident in endodontically treated teeth. A control X-ray image is typically standard practice and the only method used for the diagnostic assessment of RfT. However, X-ray scans are insufficient since chemically defined toxins cannot be visually identified [23, 24] . We thus expanded our investigation to incorporate an additional evaluation criterion in order to semiquantitatively determine the presence of volatile hydrogen sulfide compounds [2] . With this chairside test, hydrogen sulfide can be displayed using a volatile sulfur hydrogen compounds indicator (vSHCI). The procedure is painless and simple to administer: a paper tip is inserted into the sulcus of the suspicious tooth and removed after one minute, whereupon it is inserted into the volatile compound reagent container. After 5 minutes, the staining of the reagent is read: the more hydrogen sulfide compounds present in the sample, the more the indicator liquid turns yellow. The scale of yellow intensity ranges from 0 (no load) to 5 (very strong load). The degree of coloration of the reagent may be used to semiquantitatively determine the amount of toxin that can be resorbed in the sulcus (Figure 2 ). 
Determination of immunological sensitization by biogenic amines
To establish a possible relationship between conspicuous X-ray findings on DVT and the presence of disease, a blood test to assess immune system sensitization by biogenic amines was carried out in 73 patients. As was the case in a previously published study [24] , the study investigated whether patients' blood cells secreted interferon gamma (IFN-γ) or interleukin (IL)-10 in vitro following contacts with biogenic amines, thereby establishing immunological sensitization. Lymphocytes and monocytes were isolated from the patients' blood by density gradient centrifugation. Thereafter, 1.2 × 106 cells were transferred and the monocytes primed to antigen-presenting cells with granulocytemacrophage colony-stimulating factor (GM-CSF). Twenty-four hours after having added mercaptans/thioethers to the patients' cells, IFN-γ and IL-10 were analyzed in the cell culture supernatant.
Statistics
Statistical analysis was performed using IBM SPSS, version 19 (IBM Corporation, Armonk, NY, USA). All data was presented as a mean ± standard mean error. Data was considered significant where the value was <0.05.
Results
CBCT findings in the group of patients with systemic diseases. In 98 patients with SyD, a total of 1,783 teeth underwent CBCT. Of these, 324 teeth were endodontically treated (18.10%), while 323 of the endodontically treated teeth showed signs of AP (95.10%) ( 
X-ray findings in the control groups
At the Leuven University Dental Clinic, 804 patients received a CBCT scan between January 1, 2013 and January 1, 2014. This cohort served as the control group. Control group was chosen from university research because of diagnostic and statistical reliability. The cited study was conducted in a general dental clinic and no SyD were documented for the cohort in which 631 scans of permanent dentition were evaluated with a total of 11.117 teeth [3] . The number of teeth in which AP was present was 656 and the number of RfT with AP was 444.
Intensity of the local excretion of biogenic amines in periodontal sockets
Toxin intensity was measured in 212 RfT of the SyD patient group -seven patients with different tumors, 32 with chronic fatigue syndrome, 19 with rheumatoid complaints, nine with neurological degeneration, 18 with facial pain and trigeminal neuralgia, and 12 with various intestinal symptoms using a vSHCI; the cumulative average intensity was 681 ( ± 3.3 STDEV). This value corresponds to a grading based on the 6-point scale employed in this study where scores ranged from 0 to 5 in ascending order of concentration; accordingly, a local toxin release of 3.21 was observed per RfT.
Sensitization of the immune system to biogenic toxins originating from endodontically treated teeth
In 73 of the 98 patients with SyD, an investigation was carried out to determine immunosensitization to tooth toxins. In 13 patients of the SyD cohort (m=7; f=6), a TH1-dominant cellular sensitization, which was identifiable due to elevated IFN-γ values, was observed. These patients had an average IFN-γ value of 39.9 IU/mL ± 4.17 STDEV (normal value: <0.10). An additional 18 patients of the SyD cohort (m=7; f=11) showed IL-10 induction which also indicated sensitization to tooth toxins. The mean value for IL-10 was 93.7 pg/mL ± 72.49 STDEV (normal value: <10.0). In summary, 31 of 73 patients (42.5%) showed signs of immunosensitization to vHC in association with the presence of RfT.
Discussion
The complexity and breadth of the possible causes of SyD require advanced scientific inquiry and investigation. Etiological factors are involved in system integration, such as polymorphisms, epigenetic factors, functional modulations, environmental influences and immunological engrams of the neuro-endocrine and immune systems [25] which are initially triggered and then repeatedly and uniformly released, even in the absence of the primary trigger. It is likely that advanced stages of chronic toxic stress disrupts normal homeostatic processes and this becomes progressively more difficult to reverse [26] .
The relationship between endodontic measures and AP are presented and discussed in numerous publications [27] [28] [29] [30] . The findings of four relevant studies may be summarized as follows: i) the prevalence of periradicular disorders in RfT remains high in Scottish populations [27] ; ii) teeth with AP appear more frequently in patients with RfT than in those without, (39% versus 9%, respectively; P<0.001), and 25% of RfT displayed AP [28] ; iii) the technical quality of root fillings in an adult Irish population was poor and consistent with the high prevalence of AP [29] ; iv) there was a high incidence of AP in RfT -the total number of RfT was 93, and of these, 60 (64.5%) had AP [30] .
To address the objective of this study, we employed a direct comparative study using as a healthy control group (HC) the cohort of 804 patients described in a study conducted in Belgium [3] . Using CBCT scans, the cohort was established as having RfT with AP: 631 CBCT scans of 11,117 permanent teeth were evaluated at the University Clinic of Leuven between January 1, 2013 and January 1, 2014 and no SyD were documented. A total of 656 teeth showed signs of AP, while AP was detected in 444 of RfT.
Data collection was carried out in both study series using DVT scans. In our comparison, the endodontic procedures in both groups were carried out according to the same European good clinical practice standards. Although more than six-fold teeth were examined in the control group (11.117/1.783), the number of cases of AP in the control group was only twice as large as that of the SyD group (656/307); moreover, the number of RfT in which AP was present was closely matched (444/307) (Figure 4a) . When comparing the HC and SyD groups of those teeth examined, a ratio of 6:1 was found for RfT in the HC group; conversely, in the SyD group, the ratio of RfT was 4:1. Taking the number of X-rayed teeth of both groups as 100%, the following comparative results were found (Figure 4b Overall, the SyD group demonstrated an almost three times greater incidence of AP than the HC group (17.2% / 5.9%); AP was evident in 95.1% of RfT in the SyD group, while a rate of only 32.7% was observed in the HC group indicating a triple-fold increase of AP in those patients with SyD. The number of RfT in patients with SyD was only slightly higher than that of the HC group (18.1% / 12.2%).
In the group of patients with SyD, the prevalence of AP was higher than in other epidemiological studies [27] [28] [29] [30] . At the same time, the number of RfT showing signs of AP in patients with SyD was three times greater than in the healthy control group.
Discussion of the semiquantitative determination of volatile hydrogen sulfide in periodontal sockets
The field of modern endodontics is aware of the problem of bacterial colonization in the dentine tubules and new procedures are constantly being developed to minimize this problem and any possible associated risks. To date, scientific methods for detecting bacterially produced toxins have been lacking. Their detection by toxin measurements provide a wellsupported answer to the question of whether a RfT in those patients with SyD should be removed or whether it should be revised and refilled, even in the absence of radiographic changes. It is known from numerous publications [31] [32] [33] that biogenic amines (mercaptan/thioether/hydrogen sulfide) may emerge from RfT thereby triggering chronic subtoxic and, in turn, systemic and immunological effects. Some of the most well-known studies have presented the comparison between radiographic and histological findings at the root tips of RfT postmortem. For instance, of 19 recorded findings, five (26%) appeared to be radiographically inconspicuous but, nevertheless, showed histological signs of inflammation [34] . The authors of the study state that "these areas often contained bacteria and inflamed or necrotic tissue, although the root canal filling was radiographically impeccable. Moreover, not all periradicular inflammations are radiologically diagnosable and a high percentage are asymptomatic" [35] . The results from additional studies confirmed that AP was present in at least half of the samples; in some cases, inflammation in the periapical tissue area was detected only 30 months after the initial procedure. The findings of these studies are consistent with those of Brynolf (Odontol. Rev., 1967) which reported that only 7% of endodontically treated teeth healed completely. In eight of the 14 samples (57%), filling material was found beyond the apex. These overfillings regularly caused an inflammatory response [36] . Since anaerobic bacteria from AP produce the cleavage product of Lmethionine using 2-ketobutyrate as a source of energy [24] , they also produce various types of endo-and exotoxins that act as exogenous pyrogens or cause intoxication in the body. These toxins include thioether/mercaptan from the tooth cavity in each RfT. It is important to note that a vSHCI may also be used to detect systemic immunological relationships between volatile reagents and AP [24] . The results that were obtained after using the vSHCI were documented per tooth and rated on an intensity grading scale ranging from 0-5. This method was employed for 212 teeth of patients from the 97 patients in our study. In "Bacterial invasion in the dentinal tubules of human vital and nonvital teeth", Nagaoka et al. [36] reported that in vital teeth with fillings that were exposed for more than 150 days, 1.1% of the dentin tubules were infected with bacteria, whereas in the case of nonvital RfT, 39.0% of the tubules were infected with bacteria.
The systemic immunological role of thioether compounds
Since our investigations show an immunological sensitization to RfT in 42.5% of patients with SyD, it may be concluded that a type IV immune response to modified proteins may be involved in the pathogenesis of such diseases. In sensitized patients, inflammatory cellsprimarily lymphocytes -are activated which can cause both local and systemic reactions and the degradation products of biogenic amines may serve as an effective trigger in those patients which test positively for SyD. Figure 5 shows two examples of laboratory findings that were obtained from the group of patients with SyD. A positive result indicates not only that a load was, or is, present but also that mercaptane/ thioether-specific TH1 lymphocytes are present in the peripheral blood which can cause inflammation triggered by mercaptane/thioether IFN-γ stimulation (upper panel). Positive IL-10 results are indicative of the mercaptane/thioetherinduced activation of immunosuppressive cells, (inhibited immune defense). In Figure 5 , the first patient was diagnosed with rheumatoid arthritis, while the second was diagnosed with breast cancer. Figure 6 shows the immunosensitization to vHC in 73 patients of the SyD cohort separated in IFN-γ and in IL-10 stimulation. 
Overview of clinical and diagnostic tools
The panel in Figure 7 compares the different evaluation criteria for successful endodontic treatment in standard dentistry and presents a further developed systemic approach. While the measurement of local vHC on RfT with a vSHCI in standard dental practice for the "successful evaluation" of endodontic treatment is uncommon, the link of such vHC to SyD may be established readily with an immunosensitization test performed by a specialised laboratory. 
Conclusion
The present study is among the first to focus on the relationship between radiographically visible pathologies in the dental or jawbone region and the presence of SyD. The data presented here do not prove a cause and effect relation. It could be that the patients demonstrated increased AP due the presence of systemic conditions; an interaction of the systemic conditions vice versa cannot be excluded. Notwithstanding the evidence, the consensus is APs are chronic inflammatory processes and triggering conditions in advance of occurring immune diseases. The comparison made between the HC and SyD groups provides the first indication of the possible connections between RfT and SyD, and indicates that endodontically treated and RfT: (i) may enhance immunological and systemic disturbances, and (ii) may be involved in the development of SyD or vice versa, that is, the presence of SyD may influence in some way local inflammatory reactions such as AP. High local H2S values with the reagent as well as a high frequency of immunosensitization to biogenic amines in patients with SyD amplify this relationship. In view of the increasing prevalence of immune system diseases, widespread endodontic measures used in dentistry should either be assessed more critically or classified as "successful/ unsuccessful" with reference to additional measurement methods. For practitioners, the semiquantitative, local measurement of volatile compounds, (such as hydrogen sulfide) *1, as well as systemic studies on the sensitization of the immune system by biogenic amines (thioether/ mercaptans) via increased IL-10 and IFN-γ are proposed. More broadly, practitioners performing endodontic procedures should be aware of the relationship between the outcome of endodontic treatment and systemic diseases.
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